Although the aetiology of Williams syndrome (WS) is related to elastin gene disruption, its pathogenesis remains unknown, particularly that of vascular lesions. The aim of the present study was to compare the elastic properties of three WS patients with age-and gender-matched normotensive and hypertensive controls. Common carotid arteries of WS patients had a higher distensibility, a thicker intima-media and a lower elastic modulus. Electron microscopy studies of one WS renal artery showed major abnormalities of the elastic fibres, which displayed a reticular structure and a thickening of the internal elastic lamina, whereas the ultrastructure of elastic fibres was normal in a control subadventitial muscular fibrodysplasia. In this WS arterial stenosis, we studied the expression patterns of several major smooth muscle (SM) phenotypic markers using immunofluorescence and used a normal renal artery as a control. In WS, SM-α-actin-and myosin-heavy-chain-positive cells contained low amounts of heavy caldesmon, and laminin-β1 chain was expressed into the basement membranes, indicating a less differentiated phenotype. In conclusion, in WS patients, the carotid artery wall was abnormally distensible and thick, and major ultrastructural abnormalities of elastic fibres were observed in association with smooth muscle cell de-differentiation. These results indicate that the haplo-insufficiency of the elastin gene in WS patients leads to abnormal elastic fibre assembly within the media. Arterial wall hypertrophy found with a primary defect in elastin may represent a major factor responsible for increased distensibility. We suggest that, in WS, the increased proliferative response and the associated de-differentiation process represent two important mechanisms underlying the matrix accumulation and the development of arterial stenosis.
INTRODUCTION
Williams syndrome (WS) is a genetic disorder characterized by mental and statural deficiency, elfin face, infantile transient hypercalcaemia and cardiovascular disorders [1] . The cardiovascular abnormalities include structural heart disease, such as supravalvular aortic and pulmonary stenosis, ventricular septal defects, patent ductus arteriosus and mitral valve prolapse, peripheral arterial stenoses and hypertension. These features may be related to the deletion of one allele of the elastin gene, which occurs in approx. 90 % of cases [2] [3] [4] .
Although the aetiology of Williams syndrome has been established, its pathogenesis remains unknown, particularly that of vascular lesions. The haplo-insufficiency of the elastin gene in WS patients has been claimed to provide a biological basis for the abnormal elastic fibre properties leading to various tissue abnormalities [3] [4] [5] , including vascular pathology, hernias, premature aging of skin, joint laxity and contractures, hoarse voice, bladder and colon diverticulosis, and dysmorphic facial characteristics [6, 7] . The hypothesis has been raised that a reduced synthesis of tropo-elastin could alter fibre assembly and tissue elastic properties [5, 8] . Li et al. [9] showed previously, in mice lacking elastin, that the absence of elastin was sufficient to induce subendothelial proliferation of smooth muscle cells and contribute to obstructive arterial disease. Such obstructive lesions were not observed in hemizygous knock-out mice [10] , the animal counterpart of WS. These authors [10] proposed that elastin does not have a purely structural role, but also a regulatory function during arterial development, controlling proliferation of smooth muscle and stabilizing arterial structure. Despite the frequency and severity of the reported vascular disease in WS, only one study has recently demonstrated a decrease in arterial stiffness in children with WS [11] . However, no study has attempted to describe the intrinsic elastic properties of large arteries in adult patients with WS in comparison with hypertensive patients by evaluating the relationship between elastic modulus and blood pressure (BP), and to relate them to structural abnormalities. In addition, histological findings are very scarce in this pathology, and have never been investigated using electron microscopy and immunohistochemistry.
In the present study, we describe the elastic properties of the common carotid artery (CCA) in two male patients (21 years and 38 years of age) and one female (28 years of age) with WS. Because the arterial elastic properties are highly dependent on age, gender and BP, and because the three patients with WS were hypertensive, we compared them with gender-and age-matched normotensive subjects (n l 15) and untreated hypertensive patients (n l 24). In addition, composition of the renal artery, ultrastructure of elastic fibres and smooth muscle cell phenotypes were studied in one WS patient who underwent surgery for unilateral renal artery stenosis, and were compared with three different controls : a muscular fibrodysplasia, an atherosclerotic lesion and a normal renal artery.
METHODS

Patients
Patient 1
This male patient was born in 1975. Hypoplasia of the left pulmonary artery and mild supravalvular aortic stenosis were diagnosed after birth. WS was later confirmed by fluorescence in situ hybridization (FISH) [12] , which showed the loss of the maternal allele at the elastin gene locus on chromosome 7q11.23 [13] . BP was occasionally noted as being 170\110 mmHg while being treated, and he was referred to the Hypertension Clinic (Broussais Hospital, Paris, France) at the age of 21 for severe hypertension. Physical examination disclosed a 4\6 systolic heart murmur and bilateral systolic-diastolic flank bruits. BP was 178\104 mmHg without treatment. Bilateral truncal renal stenoses, graded at 60 %, were present with a right post-stenotic dilatation. Surgical revascularization of the right renal artery was indicated using a venous bypass. A segment of renal artery was excised and examined histologically. Non-invasive investigation of large arteries was performed without treatment, before renal revascularization.
Patient 2
This male patient, born in 1960, had a dysmorphic facial feature, a neonatal inguinal hernia, a bilateral cryptorchydia, a marked mental retardation and a typical ' cocktail party ' personality. Severe essential hypertension had been diagnosed in 1975. BP was well controlled following diagnosis by a combination of diuretics and β-blockers. The diagnosis of WS was later confirmed by FISH in 1996. At this time, ECG did not show supravalvular aortic stenosis. The diameter of the abdominal aorta was in the lower range (11.4 mm) at aortography.
Patient 3
This female patient, born in 1970, was diagnosed with WS by the early discovery of a bilateral mild pulmonary artery stenosis and a thrombosis of the superior mesenteric artery. She had a mental retardation and suffered from essential seizures. WS was later confirmed by FISH. She was hospitalized in the Hypertension Clinic (Broussais Hospital, Paris, France) for severe hypertension in 1998. BP was 250\120 mmHg, without treatment. A mild renal artery stenosis was found, unrelated to hyper-tension. BP was normalized by calcium antagonists and β-blockers.
The present investigation conforms with institutional guidelines, was approved by the local ethics committee and the patients gave informed consent.
Control hypertensive patients and normotensive subjects
Fifteen normotensive subjects (aged 23-42 years, 9 males and 6 females) without a history of heart disease, and with normal physical examination, ECG and Doppler echocardiogram, comprised the normal control group. Twenty-four untreated essential hypertensive patients (aged 24-45 years, 15 males and 9 females) constituted the hypertensive control group.
BP measurements
Brachial BP was measured with a mercury sphygmomanometer. The phase I and V of Korotkoff sounds were taken as the systolic BP and diastolic BP respectively. Systolic BP and pulse pressure may increase from central to peripheral arteries, whereas the mean BP drops from ascending aorta to the radial artery do not exceed 2-3 mmHg. Therefore, mean BP was measured at the site of the brachial artery with a sphygmomanometer and used for the calculation of circumferential wall stress at various arterial sites.
Non-invasive study of the carotid artery
Internal diastolic diameter, systolic-diastolic variations in diameter and intima-media thickness of the right CCA were measured with a high-precision echotracking device [14] (Pie Medical, Maastricht, the Netherlands) coupled with aplanation tonometry (SPT-301; Millar Instruments) [15, 16] . Mean circumferential wall stress (σθ, kPa) was calculated according to Lame! 's equation :
where h is the mean wall thickness (µm), D i is the mean internal diameter (µm) and MBP is the mean BP (mmHg). Cross-sectional arterial distensibility was measured through the systolic-diastolic variations in internal diameter and local BP, and elastic properties of the arterial wall tissue were estimated by the incremental elastic modulus as described previously (E inc ) [17] . The E incpressure curve was calculated within the diastolicsystolic range.
Histology, immunofluorescence and electron microscopy of renal artery
Tissue samples
Three samples of the renal artery were obtained during surgery from WS Patient 1. Frozen sections of the renal artery were embedded in Tissue-Tek medium (Miles, Elkhart, IN, U.S.A.) and then dropped into freezing isopentane. Sections (7 µm thick) were cut with a cryostat. Slides were dipped in acetone, dried and stored at k80 mC. Another sample was freeze-dried, then embedded directly in paraffin wax and stained with haematoxylin-eosin, Masson's trichrome and Weigert elastic stain for histomorphometry. The third sample was used for electron microscopy. Histology and electron microscopy of elastic fibres from the WS patient were compared with a sub-adventitial muscular fibrodysplasia. Expression of phenotypic markers by immunofluorescence was performed in an age-matched normal renal artery.
In WS, the possible occurrence of an inflammatory response was studied in comparison with a human coronary atherosclerotic plaque using the indirect immunoperoxidase method. HAM-56 primary monoclonal antibody (1 : 100 dilution; Becton Dickinson) was used to identify macrophages.
Immunofluorescence study of the renal arteries
The following monoclonal antibodies were used : mouse monoclonal antibodies against human smooth muscle (SM)-α-actin (1 : 200 dilution; Sigma), heavy caldesmon (undiluted culture supernatant) [18] , laminin-β1 and -β2 chains (undiluted culture supernatant; Developmental Studies Hybridoma Bank) [19] . The following polyclonal antibodies were used : rabbit polyclonal antibodies against SM-myosin heavy chain (MHC), recognizing SM-MHC-1 and SM-MHC-2 (1 : 50 dilution) [20, 21] , and meta-vinculin [19] .
All frozen sections were fixed in acetone for 10 min at k20 mC. Sections were pre-incubated with a blocking solution (5 % fetal calf serum in PBS) for 15 min at 20-22 mC. They were incubated with a single or a mixture of primary antibodies for 1 h, washed 3 times with PBS, then treated with secondary antibodies. FITC-conjugated anti-rabbit and Texas Red-conjugated anti-mouse antibodies (Amersham France, les Ulis, France) were diluted 1 : 100. After washing in PBS, sections were mounted in Moviol (Hoechst, Franckfurt am Main, Germany), observed with an Axiophot microscope and photographed on a Kodak Ekta 3200 ASA film.
Electron microscopy
Renal arteries were fixed in 2.5 % glutaraldehyde, postfixed in 2 % osmium tetroxide and embedded in Epon. Thin sections were stained with uranyl acetate and 2 % phosphotungstic acid, and observed with a Zeiss EM9 electron microscope. Renal artery tissue from a typical medial muscular fibrodysplasia in a young female patient was assessed using the same routine technique. This was used for the assessment of elastic fibres.
Statistical analysis
Results are expressed as the meanspS.D. (range). Unpaired Student's t test was used for comparison of normotensive controls with hypertensive controls. Each patient was qualitatively compared with either the group of normotensives or hypertensives. Individual values of arterial distensibility were represented after adjustment for mean arterial pressure and age, using a General Linear model. We used adjusted variables in order to take into account changes in arterial parameters related to identified covariates, such as age, mean BP and body surface area. The General Linear model was used to determine, in a stepwise manner, the multivariate β coefficients and to calculate the predicted values, based on the model. Adjusted and non-adjusted values of distensibility and elastic modulus are provided in the tables. Statistical analysis was carried out using the NNSS 2000 software.
RESULTS
BP
The three WS patients were hypertensive (Table 1) . At the time of the examination, Patient 1, who later underwent surgery, had no anti-hypertensive treatment. Patient 2 and Patient 3 were given spironolactone, 50 mg Distensibility was calculated from the simultaneous measurements of pulsatile changes in internal diameter and pressure waveforms in the three cases of WS and 15 normotensive subjects and 24 hypertensive patients.
once daily, and 20 mg of nicardipine three times daily plus 50 mg of atenolol once daily respectively. The proportion of males and females studied was comparable in the groups of controls and patients with WS. Table 2 shows that carotid intima-media thickness of WS patients was higher than the mean values of hypertensives, whereas their carotid internal diameter was found in the control range of hypertensive patients. Distensibility of the three WS patients was markedly higher than the maximum values of hypertensives, and elastic modulus was lower than the minimum values of hypertensives. The values of adjusted intima-media thickness in WS patients were higher than the maximal value in hypertensive patients. Figure 1 shows that adjusted distensibility was identical in normotensives and hypertensives, whereas distensibility of WS patients was higher than the maximal values observed in hypertensives and normotensives, without any overlap. Adjusted distensibility of WS patients was 2-fold higher than mean values of controls. Figure 2 shows that E inc (i.e. the stiffness of the arterial wall material) increases as BP increases. Compared with the normotensive and hypertensive control mean curves, the E inc -pressure curves of WS patients were shifted downward, indicating a markedly lower carotid stiffness for any given BP by approx. 2-fold.
CCA
Histology, electron microscopy and immunofluorescence
The sample of renal artery of Patient 1 showed that the internal layer of the media contained predominantly vascular SM cells (VSMCs) and some patches of amorphous elastin. The external layer of the media showed very few VSMCs; the external elastic membrane was thick, made up of irregularly arranged fragmented elastic lamellae (Figure 3a) . The internal elastic lamina appeared either normal or thickened (Figure 3b) . Electron microscopy showed that most of the elastic fibres had an abnormal structure with a reticular fragmented appearance (Figure 3c ). The internal elastic lamina was thickened with accumulation of abnormal reticular elastic material; the collagen fibres were normal (Figure 3d) . In subadventitial muscular fibrodysplasia, fibrosis distorted the external elastic membrane (Figure 4a) , and the innermost part of the media was strangled by an important fibrotic ring (Figure 4b) . In a control renal artery with a medial muscular fibrodysplasia, the elastic fibres had a normal ultrastructural pattern, whereas the VSMCs were disorganized and degenerative ( Figure 5 ). There is no macrophage infiltration in WS renal artery stenosis indicating that there is no inflammatory process in the pathogenesis of WS (results not shown).
Figures 3(e-h) show the expression of cellular phenotypic markers in the WS patient. In the cellular part of the arterial wall, the majority of cells were positive for SM-α-actin, MHC and meta-vinculin. In WS, there were very few cells positive for a smooth-specific heavy caldesmon variant. In the basement membrane, we observed a signal for the laminin-β2 chain and an important staining for the laminin-β1 chain, which was not expressed in a normal renal artery (Figure 6 ).
DISCUSSION
These present findings are the first to describe both mechanical properties and elastic lamellae in adult hypertensive patients with WS. The two important findings of the present study are the following : (a) in patients with WS, the CCA was abnormally distensible and its wall material was abnormally elastic compared, not only to normotensive subjects, but also with hypertensive controls; (b) compared with a subadventitial muscular fibrodysplasia and a control renal artery, the stenosis of WS was characterized by major abnormalities of elastic fibres and smooth muscle cell differentiation.
Our results in the present study clearly show that carotid artery distensibility is paradoxically increased despite the elastin deficiency. Although the number of patients is small due to the rarity of the disease, the increase in distensibility appears to be homogeneous and to largely exceed the range of values observed in control groups. After adjustment for age, body surface area and mean BP, the carotid distensibility of WS patients was abnormally high when compared, not only with hypertensive controls, but also with normotensive subjects. The fact that the three patients in the present study clustered with the same high values of distensibility and Elastic stain : (a) (magnification, i20) accumulation of elastic material at the external elastic membrane (arrows); (b) (magnification, i600) thickening and fragmentation of the internal elastic lamina. Electron microscopy : (c) (magnification, i20 000) abnormal elastic fibre with fragmentation of the elastin component (arrows), normal microfibrillar components; (d) (magnification, i1500) focal accumulation of abnormal elastic fibres (arrow heads) adjacent to a normal elastic fibre (arrow). Asterisks, normal collagen fibres. Immunofluorescence staining : (e) SM-MHC; (f ) SM-specific heavy caldesmon; (g) laminin-β1 chain in the basement membrane; (h) negative control with no primary antibody. thickness reinforced our finding that haplo-insufficiency for elastin was characterized by profound alterations of the vascular wall. In addition, we showed that the E inc -pressure curves of WS patients were shifted downward, compared with normotensive and hypertensive curves, indicating a 2-fold reduction in the carotid wall material stiffness for a given BP. The opposite finding, such as an increase in large artery stiffness, has been reported in patients with Marfan syndrome [22, 23] , secondary to a deficit of fibrillin, a glycoprotein that multimerizes to form extracellular microfibrils upon which elastin monomers are deposited. The present study suggests that, in contrast, a primary defect in elastin leads to arterial wall hypertrophy and hyperdistensibility.
We observed major structural and ultrastructural abnormalities of the elastic fibres in a WS renal artery, Arterial stiffness in adult Williams syndrome Normal ultrastructure of an elastic fibre (EF). Note the degenerative pattern of the vascular SM cell (SMC), which is vacuolated. Lead and uranyl counterstaining has been used (magnification, i12 500).
whereas elastic fibres have a normal ultrastructural pattern in the case of renal medial muscular fibrodysplasia. A major issue is whether the abnormalities of the elastic fibres, which are specific to WS patients, could explain the reduced stiffness of the wall material and the pathogenesis of arterial stenoses. Several arguments suggest that the link is indirect and probably mediated by arterial wall hypertrophy.
An important structural abnormality was an increase in carotid intima-media thickness, which was even higher in WS patients than in hypertensives. Medial hypertrophy in both systemic and pulmonary arteries has been demonstrated in children with WS [11, 24] . We extend this finding of medial hypertrophy to the adult WS patients of the present study, since they are probably devoid of atherosclerosis in the carotid artery at their ages (21, 28 and 38 years). In addition, we showed that in the renal artery, the increased thickness of elastic lamellae concerned mostly the external elastic membrane and that the internal elastic lamina was also affected, suggesting that media but not adventitia was affected. We have demonstrated that large artery wall hypertrophy is a key factor for the maintenance of normal arterial distensibility in essential hypertension, as well as in spontaneously hypertensive rats [17, 25, 26] . Because the degree of hypertrophy is more important in WS patients than in hypertensives, we suggest that arterial wall hypertrophy could play an important role in the increased distensibility observed in WS patients. This implies a structural reorganization of the media, namely changes in the muscle to stroma connections, leading to mechanical adaptation [27] .
A pathogenesis for WS has been proposed by Li et al. [9] who showed that the absence of elastin in mice induced obstructive subendothelial proliferation of VSMCs. In hemizygous knock-out mice for elastin [10] , a model that is similar to the WS [28] , there is an increased number of elastic lamellae, which is consistent with our observation in WS renal artery stenosis. Indeed, the external elastic membrane was made up of numerous fragmented elastic lamellae. Such abnormalities are lacking in the control subadventitial muscular fibrodysplasia. In the hemizygous knock-out mice for elastin, an increased number of elastic lamellae leads to a decreased distensibility. This finding contrasts with the increased distensibility observed both in children [11] and in adult patients with WS in our present study. This discrepancy may be explained by the fact that hemizygous knock-out mice have an increased number of elastic lamellae without having major medial hypertrophy. The concept generally accepted in hypertension remodelling [17, 29] is that distensibility is increased only when an adapted arterial wall hypertrophy occurs. Whether the arteries of hemizygous knock-out mice would develop such an hypertrophy at a later stage is unknown. In WS patients, we suggest that the main factor responsible for hyperdistensibility is arterial wall hypertrophy caused by the primary defect in elastin.
In the present study, we report immunohistochemistry results of arterial stenosis in one of the patients, since only one of them required surgery. A proliferative response of VSMCs has been reported in homozygous The sections were double stained for SM-MHC and heavy caldesmon, and for SM-MHC laminin-β1 chain. In the cellular part of the arterial wall, the majority of cells were positive for SM-MHC and heavy caldesmon. In the basement membrane, we observed no staining for the laminin-β1 chain.
knock-out mice for elastin [9] , without a change in SM-α-actin immunostaining. These results [9] led the authors to suggest that in the elastin knock-out mice the VSMC phenotype was not modified. Similarly, we have not observed any decrease in expression of SM-α-actin, SM-MHC, or meta-vinculin, as judged by immunofluorescence. However, the lack of expression of heavy caldesmon and expression of laminin-β1 chain reveal a less differentiated phenotype [20, 30] in the VSMCs present in WS renal arterial stenosis. Although we can report only one patient, we would like to speculate that phenotypic changes of the VSMCs in WS may represent a late event in pathogenesis of the disease, appearing after the initial proliferation response and accompanying arterial wall hypertrophy. Interestingly, the high degree of pulsatile stretch of the artery, due to its abnormally high distensibility, could exaggerate the mechanical signalling to the VSMCs [31] , leading to abnormal growth characteristics and arterial obstruction.
In conclusion, our results indicate that the haploinsufficiency of the elastin gene in WS leads to abnormal elastic fibre assembly within the media. Arterial wall hypertrophy due to the primary defect in elastin may represent a major factor responsible for increased distensibility. We suggest that, in WS, the increased proliferative response and the associated de-differentiation process represent two important mechanisms underlying the matrix accumulation and the development of arterial stenosis.
